The tapered implant-abutment interface is becoming more popular due to the mechanical reliability of retention it provides. Consequently, understanding the mechanical properties of the tapered interface with or without a screw at the bottom has been the subject of a considerable amount of studies involving experiments and finite element (FE) analysis. This paper focuses on the tapered implant-abutment interface with a screw integrated at the bottom of the abutment. The tightening and loosening torques are the main factors in determining the reliability and the stability of the attachment.
INTRODUCTION
A dental implant system serves as the anchor for the prosthetic reconstruction of missing teeth by supporting a fixed or removable prosthesis. The system mainly consists of an implant and an abutment. A prosthetic attachment is typically fixed on the abutment by one of the following methods: cementation, use of an occlusal screw, or a socket arrangement that allows retention of a removable prosthesis. The implant is the component implanted into the jaw bone, and the abutment is the component which supports and/or retains the prosthesis 1 . The abutment is secured to the implant with a mechanical attachment method, and ideally it should stay fixed with respect to the implant throughout the life of the implant. In the most common mechanical attachment method, a retaining-screw (abutment screw) is used to fix the abutment with respect to the implant 1 . Another approach is to use a screw with a relatively large tapered end. In this paper, the term taper integrated screwed-in (TIS) abutment is used to indicate an abutment which uses simultaneously a screw and a tapered fit. A tapered interference fit (TIF) between the abutment and the implant is also used in some implant systems to provide the connection. The mechanics of the attachment method using the retainingscrew can be analyzed based on classical power screw formulas 2 and the finite element method 3 . The mechanics of the TIF type attachment method has been investigated with approximate closed form formulas by the authors 4 . The subject of this paper is the mechanical analysis of the TIS type attachment m ethod, which has been previously investigated using the finite element method 5 .
Four commercially available implant systems are shown in in the United States indicates that nearly 85% of the implant sales involve implant systems using retaining-screws and 15% involve a system using the TIS type abutments 6 .
The TIF type abutments are not included in this survey, but they have a small market share.
In general, the reliability and the stability of an implant-abutment connection mechanism is an essential prerequisite for long-term success of dental implants. 7 Screw complications, such as loosening, had been encountered with the screw-type implantabutment connection mechanism, in particular in single tooth replacement scenarios. 8, 9 Inadequate preload, the misfit of the mating components and rotational characteristics of the screws were considered to be the reasons leading to screw loosening or fracture. 9 Design improvements and using gold, as screw material, resulted in significant improvements 1 in the loosening incidences encountered early on, in systems using titanium retention screws 10, 11 . Application of a sufficiently high tightening torque has also been shown to have a positive effect in preventing retention-screw loosening incidences, in a five year follow up study. 12, 13 Various longitudinal follow-up studies involving the abutment screw CeraOne (Nobel Biocare AB, Göteborg, Sweden) show that the screw complications have been avoided with this design in single tooth restorations. [14] [15] [16] [17] The attachment mechanism using a retention screw is now widely used by the clinicians, 6 perhaps in great part based on the reliability of the screw retention system. not have a significant effect on the loosening torque, whereas the interfacial surface area seemed to have a profound effect on the efficiency of the connection. The efficiency is defined as the ratio of the loosening torque to the tightening torque. At clinically relevant torque levels (300-400 N.mm), the loosening torque was 84%-91% of the tightening torque. This finding was in contrast to the experimental work done by Sutter et al. 25 , who
showed the loosening torque to be 10-15% higher than the tightening torque. It was also
shown that dynamic loading resulted in 50% reduction of the loosening torque; however, no decrease occurred in cone-screw connection after 1 million cycles. 25 The 8 o taper
angle with 2 mm diameter screw at the bottom was selected to be the optimum design that provides a secure assembly between implant and abutment. Squier et al. 23 investigated the effects of anodization and reduction of surface area on the tightening and loosening torque. A 31% reduction of surface area did not cause a significant change in the loosening torque, however the surface coating caused a 20% decrease in the loosening torque. In their study, for 350 N.mm tightening torque, the loosening torque was in the range of 79-106% of the tightening torque.
The strength of the tapered interface in a TIS abutment was assessed by experimental and finite element methods. The tapered interface was found to be favorable in terms of resistance to bending forces. 26 The stresses induced by off-axis loads were compared for tapered and butt-joint connection. It was concluded that the tapered interface distributed the stresses more evenly when compared to the butt joint connection. 5 The conical interface allowed a larger maximum tightening torque. The maximum tightening torque was 4000 N.mm for the TIS abutment, which was considerably greater than the 1250 N.mm of the screw-only connection. 25 Bacterial leakage through implant-abutment interface is another significant factor affecting the long-term s tability of the implant. 27 Although the tapered interface is considered to be acting as a seal against bacterial leakage and colonization, it cannot completely prevent leakage due to the gap caused by the misfit between the components.
The rate of bacterial leakage diminishes as the degree of misfit decreases and the tightening torque of the screw increases. 27, 28 The mechanics of the purely TIF type implants was first explained by O'Callaghan et al. 29 and then by Bozkaya and Müftü. 4, 30 Approximate analytical solutions for the contact pressure, the pull-out force and loosening torque acting in a tapered interference were developed by modeling the tapered interference as a series of cylindrical interferences with variable radii. These formulas compared favorably with non-linear finite element analyses for different design parameters. 4 In this paper, approximate closed-form formulas are developed for estimating the tightening and loosening torque magnitudes for the TIS type abutment connections. The closed form equations for the tapered interference fit 4 are combined with screw mechanics equations to determine the loosening and tightening torque as a function of various design parameters. The efficiency of the system, defined as the ratio of the loosening torque to the tightening torque, is investigated.
THEORY
A taper integrated screwed-in (TIS) abutment is placed into the implant by applying a tightening torque T T . The tightening process causes interference in the tapered part and also advances the screw, which in turn causes the threads of the abutment and the implant to engage with a positive force. This results in a tensile load in the screw known as the preload.
The geometric parameters that affect the mechanics of the connection are defined in Figure 2 where the implant is depicted as a cylinder. The balance of forces and torques acting on this system during tightening are evaluated using the free body diagrams given in Figure 3 and Figure 4 . During tightening, the screw preload r T F will be related to the resultant normal force N, acting on the tapered section due to the interference fit. Thus by using, the well known, power screw relations 2 and the tapered interference fit equations given by Bozkaya and Müftü 4 it is possible to develop closed form relations for the tightening and loosening of TIS type abutments.
The resultant normal force N due to interference fit in the tapered section of the abutment, shown in Figure 3a , is given as 4 , 
where L c is the contact length, b 2 is the outer radius of the implant, r ab is the bottom radius of the abutment, θ is the taper angle as shown in Figure 2 , ∆z is the axial displacement of the abutment during tightening, and, E is the elastic modulus of implant and abutment, assumed to be made of the same material.
The Screw Preload
When a TIS type abutment is screwed into the implant, a tensile preload, Once the tightening torque is released, the frictional component of the preload diminishes, and the screw preload during functional loading, r F , is determined from the free body diagram given in Figure 3b . During loosening, the friction force acts in the opposite direction as compared to the tightening. The screw preload during loosening can be determined from Figure 3c .
Tightening Torque
The total tightening torque T T required to screw-in the TIS abutment should overcome the resistive torque values 
where the kinetic friction coefficient µ k is used, as screw tightening is a dynamic process.
In order to find an expression for the resistive torque 
where the axial component of resistive force (preload) during tightening 
The resistive torque 
where the static friction coefficient s µ is used at the onset of loosening. Note that during loosening, the friction force acts in opposite direction as compared to the tightening case 
The total loosening torque L T is obtained from Eqns (7) - (10) as follows, 
where the axial component of resistive force during loosening r L F is given by equation (8) . The efficiency of TIS connection is defined as the ratio of the loosening torque to the tightening torque,
(12)
RESULTS
The formulas developed above are implemented to two implant systems, whose parameters are similar to a 4.8 mm diameter ITI system and a 5.5 mm diameter Ankylos system, as given in Table 1 . Figure 5 shows the effect of tightening torque T T and friction coefficient µ k on the radial interference, ∆u = ∆z tanθ, in the tapered section of the implant. In clinical practice, the abutment is secured into the implant by using the recommended torque value; therefore, T T is the controlled variable. This figure shows that depending on the frictio n coefficient, the recommended torque value will be have no adverse effects, because the tapered section of these abutments provides most of the resistance to loosening torque, as it will be shown later in the paper.
Effects of System Parameters
The tightening and l oosening torque formulas developed here provide a relatively simple way of assessing the effects of the geometric and material properties. For example, the magnitudes of the tightening torque T T and loosening torque T L , found in
Eqns (6) and (11) A relation between the tightening torque and the loosening torque can be obtained from equations (6) and (11), by noting that ∆z is common in both relations. This shows that loosening torque is linearly proportional to the tightening torque as shown in Figure   8 . This finding is in agreement with the experimental data by Norton 24 showing a linear relation between tightening and loosening torque. The slope of the curves, which is equal to the efficiency, is slightly different, which may stem from the difference in kinetic and static friction values. Note that this figure was obtained by using µ k = µ s = 0.3.
Screw Preload vs. Torque
The screw preload as a function of relevant torque values can be obtained from equations (6) and (11) . Various preload conditions, for the ITI-like system, have been described in Figure 9 ; the preload Figure 9 . This figure shows that, in general, the screw preload is linearly proportional to the applied torque. For a given torque value, the highest preload occurs during tightening; after the release of the tightening torque, the screw is subjected to preload F r . This is the "seated" preload of the screw. The preload becomes even lower during loosening.
Friction has an interesting effect on the preload; for a given torque value, the preload F r reduces as the friction coefficient is increased. For example at 350 N.mm the preload moves from 100 N to 60 N, as the friction coefficient is increased from 0.3 to 0.5.
Note that Merz et al. 5 predicted 53 N of preload, by modeling a 12 mm long, 8 o taper, TIS type ITI implant with non-linear finite element analysis. 5 The preload value of 60 N, predicted by the analytical method introduced here, is remarkably close to their value considering the assumptio ns made in this paper.
Distribution of Torque
The tapered surface of the TIS type abutment provides a great deal of frictional resistance as compared to the frictional resistance on the screw threads. This is evidenced by the plots given in Figure 10 , where the percentage of the total tightening torque carried by the tapered section as a function of friction coefficient µ and taper angle θ are shown.
This figure represents results for the ITI-like system.
In Figure 10a , it is seen that, the tapered area resists 87-92% of the total torque during tightening, when the static friction coefficient µ s is in the range 0.1 − 0.9. The kinetic friction µ k coefficient has a relatively small effect on this percentage. The effect of the taper angle θ on the tapertotal TT ratio during tightening is shown in Figure 10b . This figure shows that in a TIS type abutment with a smaller taper angle more of the total torque is carried by the tapered section, in contrast to larger taper angle. The range of tapertotal TT ratio is between 88 -96% depending on the value of static friction coefficient
During loosening, the friction force in the screw threads act in a direction to reduce the screw preload as evidenced by equation (8) causing the tapertotal TT to be larger than one.
DISCUSSION
The general range of efficiency, predicted to be 0.85-1.37, for the range of parameters considered in this paper, match closely the experimental results. [23] [24] [25] The only condition that causes the efficiency to be greater than When all of the parameters that affect the tightening and loosening torque values, as given by Eqns (6) and (11), are considered, it is seen that the taper angle θ, contact length L c and outer radius of the implant b 2 have the strongest influence. It has been shown here that, among these three parameters, the contact length is the most practical parameter to adjust and has the strongest effect on increasing the loosening torque value.
The behavior of the TIS type of abutment attachment method is governed by the tapered section of the abutment, as a large fraction of the loosening and tightening torque values are used to overcome the friction in the tapered section. The analytical method demonstrated that over 86% of the tightening torque, and over 98% of the loosening torque are balanced by the frictional resistance in the tapered section.
This study clearly shows that the value of the friction coefficient strongly affects tightening and loosening torque values. The friction coefficient is a property whose complexity is often underestimated. The friction coefficient depends on many factors including mechanical properties and the roughness of the contact interface, exposure to interfacial contaminants 32 and in some cases the normal load 32 . In particular, the effe cts of contaminants are difficult to assess without extensive experiments. Therefore, a margin should be built into the design of the TIS type abutments. Formulas developed in this work would provide guidance to this end. Figure 1 Various implant-abutment attachment methods. Figure 2 The geometric parameters that affect the mechanics of the TIS type abutmentimplant attachment method. Other parameters are given in Table 1 . Figure 6 The efficiency of the attachment with respect to different parameters. Taper angle θ , friction coefficient µ are the significant parameters affecting the efficiency of the attachment. Other parameters are given in Table 1 . Figure 7 The effect of taper angle θ (Figs a, b) ; the contact length L c (Fig c) ; the outer radius of the implant b 2 (Fig d) on loosening T L and tightening T T torques, for both ITIlike and Ankylos-like geometries. Note that friction coefficient µ s = µ k = µ for both systems. Other parameters are given in Table 1 . Figure 8 The relation between the tightening torque T T and the loosening torque T L as predicted by this work and as measured by Norton 24 for the ITI implant. Calculations were performed by using µ k = µ s = 0.3. Other parameters are given in Table 1 . Figure 9 Screw preload as a function of external torque for two different friction coefficient s, for the ITI-like geometry. The indicated data point has been taken from Merz et al. 5 Other parameters are given in Table 1 . Figure 10 The percentage of the total tightening torque carried by the tapered section as a function of a) friction coefficient and b) taper angle for the ITI-like geometry. Other parameters are given in Table 1 . 30 27.5 − Table 1 Ankylos ITI Bicon Nobel Biocare 
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